Interbrood period, gonad development, and total lipid content throughout the oogenesis and spermatogenesis processes of the subtropical euphausiid Nyctiphanes simplex were studied. Specimens were collected during six oceanographic cruises in Bahía Magdalena (March, July, and December 2004) and in the Gulf of California (November 2005 and January and July 2007). Females attained first spawning when $ 7.5 mm total length (4 52 days old). Histological evidence indicates that N. simplex females have group-synchronous ovaries, able to produce four broods per gonadic cycle, since ovigerous females develop simultaneously in three and four distinct substages (Oc1, Oc2, Oc3, and Oc4) in their gonads. Once females mature, as shown by pale pink gonads, they may reabsorb their gonads in o 4 days. Direct observations indicate that after a variable resting period, the formation of oogonia to vitellogenesis takes $ 3 days, investing $ 8% (4-14%) of weight-specific carbon body weight to reproduction (lipid approach) with an average interbrood period of 10 days (range: 7-26 days, estimated by three distinct methods). About 22% of the ovigerous females in the metanauplius stage show gonad development in vitellogenesis, likely spawning between 7 and 9 days. The rest of the female population have an interbrood period that is considerably 4 10 days. Embryonic development in the ovigerous sac last o 3 days (16 1C), hatching always as nauplius (usually 100% hatching success); the metanauplii are released from the ovigerous sac in a median of 5 days after spawning. Although sacspawning euphausiid species may have comparatively lower total fecundity than broadcast-spawning species, they seem to have relatively similar reproductive effort and higher hatching success that increases larval recruitment rates, compared to similar size temperate broadcast-spawners. This partially explains why sac-spawners of the genera Nyctiphanes, Nematoscelis, and Pseudeuphausia are numerically dominant euphausiids in several highly eutrophic temperate, subtropical, and tropical ecosystems. N. simplex males have a continuous spermatogenesis after they attain size at first maturity; continuously allocating $ 5.4% of weight-specific carbon to reproduction, results that are significantly different than previous assumptions that euphausiid male spermatogenesis is energetically insignificant.
Introduction
Nyctiphanes simplex is a subtropical, sac-spawning euphausiid that dominates, in terms of biomass and abundance, the neritic environment along the northeastern and southeastern Pacific Ocean (Brinton and Townsend, 1980; Brinton et al., 2000) . This species, like the other three species of the genus Nyctiphanes, has considerably flexible ontogenetically feeding habits (mostly omnivorous) (Haywood and Burns, 2003; Pilditch and McClatchie, 1994; Ritz et al., 1990) , variable early furciliae development pathways (Gó mez-Gutié rrez, 1996; Lavaniegos, 1992; LeRoux, 1973; Pillar, 1984) , relatively high hatching success (Gó mez-Gutié rrez and Robinson, 2005) , and a relatively short life span, usually o1 year (Lavaniegos, 1992 (Lavaniegos, , 1995 . These biological features, among others, make these species attain large population densities in the highly dynamic coastal upwelling temperate and subtropical ecosystems.
The assimilation of prey and organic matter that N. simplex and other euphausiids ingest are metabolized to increase its biomass that is fundamentally directed to three physiological processes: somatic growth, molting, and reproduction. This last involves gonad development and spawning processes Lavaniegos, 1995; Ross and Quetin, 2000; Tarling and Cuzin-Roudy, 2003) . Lavaniegos (1995) made the only study that simultaneously estimated these three components of N. simplex's secondary productivity. Body growth rate had been most recently estimated for this species (De Silva-Dá vila and Palomares-García, 1998; De Silva-Dá vila et al., 2002; Gó mez-Gutié rrez et al., 1996) . Several studies have shown that Nyctiphanes female reproduction accounts for nearly 2% of total secondary production (Hosie and Ritz, 1983; Lavaniegos, 1995) , although now it is known that this proportion of energy is close to 7% (Gó mez-Gutié rrez and Robinson, 2005) . This represents almost half of the energy accounted for in broadcast-spawners (Nicol et al., 1995; Gó mezGutié rrez, 2003a; Gó mez-Gutié rrez et al., 2007; Feinberg et al., 2007) , which usually invest more than 15%.
ARTICLE IN PRESS
Female euphausiids have two distinct spawning strategies: sac-spawners ( $ 26 species) and broadcast-spawners ( $ 60 species) (Brinton et al., 2000 , Gó mez-Gutié rrez, 2002 , 2003b . Euphausiid reproductive strategies (broadcast vs. sac) have a latitudinal trend in frequency and relative proportion in the euphausiid community structure. Species with broadcastspawning reproductive strategy inhabit virtually all latitudes (from tropical to polar ecosystems) and sac-spawning species tend to inhabit only tropical to temperate ecosystems. Why sacspawning species do not inhabit polar ecosystems is still unknown.
Reproductive biology of broadcast-spawners has been receiving considerably more attention than sac-spawners in all the oceans (Ross and Quetin, 2000) . In sac-spawners, reproductive efforts are usually known only from brood size (eggs female -1 ) in
Stylocheiron carinatum (Ponomareva, 1969) , N. difficilis (Nemoto et al., 1972) , N. australis (Hosie and Ritz, 1983) , N. capensis (Stuart and Nicol, 1986 , Barange and Stuart, 1991 , Cornew et al., 1992 , N. simplex (Gendron, 1992; Lavaniegos, 1995) , and Pseudeuphausia latifrons (Wilson et al., 2003) . However, the interbrood period (IBP), the time elapsed between two consecutive spawns, has been elusively mentioned in sac-spawners. Egg production (eggs female -1 year -1 ) of sac-spawners has been estimated only for N. australis (Hosie and Ritz, 1983) , N. capensis (Pillar et al., 1992) , and N. simplex (Lavaniegos, 1995) , using preserved ovigerous females; the IBP was estimated indirectly from a histological study of the gonad of a broadcast spawner (Meganyctiphanes norvegica), then conservatively estimated as an average interbrood period of 30 days (Hosie and Ritz, 1983) . Gonad development (histological study), lipid content, as well as lipid metabolism, have not been attempted in N. simplex and most sac-spawners except N. australis (Hosie and Ritz, 1983; Virtue et al., 1995) . Therefore, detailed comparison of the oogenesis development of sac-spawners and broadcast-spawners has not been possible so far. Historically, scientists have assumed that sac-spawners have comparatively lower fecundity and shorter life span than broadcast-spawners because: (1) brood size is limited to the available space in the female ovigerous sac, (2) high energy expense in females from constantly moving their eighth thoracopod to oxygenate the embryos during embryonic development, and (3) inherently, a considerably longer IBP associated with brood care than broadcast-spawners. Consequently, sac-spawners cannot produce and spawn another brood until embryonic development, hatching, and release of the embryos have been completed (Gó mez-Gutié rrez and Robinson, 2005) . Although the IBP for broadcast-spawners is highly variable because of their capacity to release one egg batch in several spawning events (Cuzin-Roudy and Buchholz, 1999), in temperate euphausiids, its seems to be shorter (average 4-5 days), as in Euphausia pacifica, Thysanoessa inermis, and Euphausia lucens Gó mezGutié rrez, 2003a; Pinchuk and Hopcroft, 2006; Stuart, 1992) , than in sac-spawners, such as N. simplex (7-15 days) (Gó mez-Gutié rrez and Robinson, 2005) .
Female gonad development has also been better studied in temperate and polar broadcast-spawners (Cuzin-Roudy, 1987a , b, 1993 Cuzin-Roudy and Amsler, 1991; Kikuno and Kawamura, 1983; Ross and Quetin, 1982 than in subtropical and tropical broadcast and sac-spawners (Hosie and Ritz, 1983; Stuart and Nicol, 1986; Wilson et al., 2003) . For tropical species of both reproductive strategies, studies have usually reported only the number and size of oocytes inside the female carapace from formalin-preserved gonads (Hosie and Ritz, 1983; Mauchline, 1968 Mauchline, , 1980 Mauchline and Fisher, 1969; Stuart and Nicol, 1986) ; hence, no reports of male gonad development are known. As far we know, no published histological studies of gonad development have been made for tropical euphausiids. Lipid content and metabolism have been largely studied in highlatitude species to assess population and specific organs or body fractions of different organs, growth, and maturity stages, particularly in E. superba (Mayzaud et al., 1998) and M. norvegica . However, there are relatively few estimates of lipid content in subtropical and tropical species. Estimates of total lipid content in each juvenile and adult stage have been reported for N. australis (Virtue et al., 1995) and Euphausia lamelligera (Färber-Lorda et al., 2004) , but not for each stage of gonad development. To understand the processes of oogenesis and spermatogenesis, we made an analysis of lipid content for all stages of these two reproductive processes. Ultrastructure morphology of euphausiid sperms have been studied only in Euphausia sp. and Meganyctiphanes norvegica (Medina et al., 1998) .
In the literature, it is commonly stated that male spermatogenesis is energetically insignificant; however, this process is virtually unknown in most euphausiids (Lavaniegos, 1995; Mauchline and Fisher, 1969; Mauchline, 1980; Nicol et al., 1995) . Reproductive rates of males could be relatively high, but they have a shorter reproductive life-span than females, based on recent evidence for the male E. superba that grow fast and die young (Kawaguchi et al., 2007a) .
We summarize the reproductive biology and ecology of N. simplex as part of a multi-disciplinary effort combining: (1) experimental incubations carried out on board our research vessel to estimate IBP in temperature-controlled experiments and other two indirect methods, (2) female and male gonad histology, and (3) total lipid content at each developmental stage in females and males. We intended to provide an integrated perspective of the reproductive strategies of this subtropical species, hopefully representative of other tropical and subtropical sac-spawners. This information could be the framework to compare sac-spawner's reproductive strategy with the better known reproductive biology and ecology of broadcast-spawners in the oceans.
Methods
Euphausiids were collected with several planktonic nets on both sides of the Baja California Peninsula during three oceanographic cruises over the continental shelf and in the middle part of the mouth of Bahía Magdalena, Baja California Sur, Mexico (241300 N, 1121300 W) Live euphausiid swarms were sampled during the day and at night using a net (1-m wide mouth, 5 m long, 300-mm mesh), hereafter called live net (Gó mez-Gutié rrez et al., 2010) . Catches were diluted in 40-L cooler vessels filled with surface seawater from the sampling station. On all cruises, incubation studies were set up in a dark walk-in cold room (1670.5 1C) within a few minutes after collection. To set up an incubation experiment, we removed gravid females from the diluted plankton sample and placed each individual in a 1-L bottle filled with filtered (200 mm) surface seawater. From 10 to 48 gravid females were incubated per station. Most of the euphausiid incubations lasted 48 h; approximately every 12 h, all bottles were examined. If ovigerous sac females were present or an animal molted, they were usually preserved in 96% ethanol for later measurement of total length, brood size, and embryo diameter ( 410 embryos).
Gonad development rates and IBP of females
We used three methods to estimate rates of gonad development and/or IBP of the sac-spawning N. simplex:
(1) Directly observed individual females incubated and monitored every 12 h under laboratory conditions (16 1C, 24-h dark conditions). Several females were photographed (Olympus Camedia-2030, 3 .3 megapixel resolution) every day for up to 15 days, fed a mix of natural phytoplankton and zooplankton sieved with a 20-mm mesh net (5 ml l -1 ), and recorded the time between two gonad development stages and between two consecutive spawns (IBP). We recorded gonad development and, in ovigerous females, embryonic development, as well as further gonad development of monitored females after spawning. (2) Used the inverse of the proportion of mature females IV (pink gonad) and ovigerous females in groups of 30-300 incubated animals for 48 h (n= 29 oceanographic stations), as proposed by . This method assumes that all females are fertile, there is no population synchronization in the spawning process, and females are homogeneously distributed throughout the sampling area , 2005) . This method assumed that laboratory feed represented natural food quality and concentration and that the magnitude of overlap between rates of gonadic and embryonic development are small enough to statistically distinguish the median rate for each gonadic stage. The comparison of rates of gonadic and embryonic development provided the relative proportion of females developing into a specific gonadic stage at a known time after spawning defined by the embryonic development rates. This proposed method may be used for other sac-spawners that are difficult to maintain under laboratory conditions.
Histology of female and male gonads
At sea, N. simplex were classified by sex and gonadal development according to external morphology  Table 2 ), and their total length were measured. For histological observations, groups containing 30 randomly chosen individuals were fixed in Davidson's solution (Howard and Smith, 1983) and placed in plastic cassettes for 48 h at ambient temperature in the dark. Other female specimens of known gonad developmental stage were preserved in the same way but placed individually in plastic cassettes. After this treatment, all samples were preserved in 70% ethanol solution for land-based histological analysis. In July 2007, we fixed several specimens in Karnovskys solution for 48 h for resin cuts (Karnovsky, 1965) .
In the laboratory, all specimens of both sexes were dehydrated with successive series of ethanol concentrations (80, 90, and 100%) for 1 h at each concentration. The whole specimens (whole-body Table 1 Number of observed Nyctiphanes simplex ovigerous females in a specific gonad development stage, classified according to analysis) was embedded in Paraplast X-Tra at 54-56 1C fusion point (Davidson) and resin (Karnovsky) (JB-4 Plus, Polysciences,Warrington, PA, USA). The specimens imbedded in Paraplast were cut into 4-mm longitudinal and transversal sections of whole specimens (Leica RM 2155 rotatory microtome) and stained for 6 min with Harris's hematoxylin and counterstained for 12 min with eosinphloxine (Sheenan and Hrapchak, 1973; Humason, 1979) . For specimens imbedded in Karnovsky's resin, semi-thin (1 mm) sections were cut with tungsten carbide disposable blades (Leica TC65) and stained for 2 min with polychromatic staining (Tolivia et al., 1994) . Those sections were used to classify oocyte categories at each developmental stage using criteria of Cuzin-Roudy (1993) and Cuzin-Roudy and Buchholz (1999) for Meganyctiphanes norvegica and Euphausia superba (Table 2 ). Because ovogenesis is highly conserved in crustaceans (Block et al., 2003) and we detected several gonadal substages in euphausiids that had not been described, we adapted the description of Yano (1988) for gonadal stages in the kuruma shrimp Penaeus japonicus for N. simplex. This classification contains more details of oocyte development and reinitialization of meiosis during germinal vesicle breakdown. The oocytes were classified according to the gametogenic developmental stage as: multiplication (Oc0), previtellogenesis (Oc1, Oc2), vitellogenesis (Oc3, Oc4), maturity, (Oc5), spawning (Oc6), and oosorption (Oc7). Stages of oogenesis and their relationship with each kind of oocyte were based on the most developed oocytes found in the ovary (Table 2) . At least two sections of each specimen were analyzed. Slides were examined with an optical microscope (Olympus BX41 with 10 Â , 20 Â , and 40 Â magnification). Images were recorded with a digital image system (Cool SNAP-Pro) and imaging software (Image Pro Plus v. 5.1.0.20). Oocytes in each ovary were classified by stage of development and counted (n =20 oocytes per female) to estimate oocyte area. Because oocytes change in shape as they grow, the formula for the theoretical diameter was used to standardize the diameter data set (Saout et al., 1999) :
where TD is the theoretical diameter, A is the area of oocytes, and p is 3.14159.
Lipid content and fatty acid composition during female and male gonadal development
Live specimens collected with live, bongo, and/or stratified nets were sorted and observed under an optical stereoscope to identify sex and measure total length. If specimens were female, it was classified by gonadal stage according to . Males were classified as having intruded (MI) or extruded spermatophores (MII). The specimens were rinsed with distilled water and individually placed into sealed cryogenic vials, frozen, transported in liquid nitrogen, and stored at À 80 1C until analysis. Samples were freeze-dried for 24 h and dry weight was determined with a microbalance (Cahn C-33). Each freeze-dried specimen was individually homogenized, re-hydrated, and lipids extracted according to Folch et al. (1957) . Lipids were determined by the method of Marsh and Weinstein (1966) ; fatty acids were methyl-esterified under acidic conditions (Christie, 2003) . Methyl esters were analyzed by gas chromatography-mass spectrometry. Fatty acids were identified by their mass spectra and comparison with commercial standards. The relative contribution of each fatty acid to the overall fatty acid composition was computed and differences among gonadal stages were compared using ANOVA with arcsine-transformed percentages.
Results

Gonad development rates and IBP of females
Interbrood period (IBP) was estimated by using three approaches.
(1) Observations of two successive spawns showed that the shortest IBP was seven days for females that spawned and immediately developed the gonad, mostly reaching Stage III (embryos were in the ovigerous sac as a metanauplius phase ready for release from the ovigerous sac ( $5 days at 16 1C) (Fig. 1 ). Overachieving females usually molted one day after the embryos were released from the ovigerous sac and these females matured again, reaching a pink color in the sixth day Table 2 Modified development of female gonad classification for the subtropical sac-spawning krill Nyctiphanes simplex (this study) based on the classification of the broadcastspawning krill E. pacifica , Meganyctiphanes norvegica and Euphausia superba (Cuzin-Roudy, 1993; Cuzin-Roudy and Buchholz, 1999) , and the kuruma shrimp Penaeus japonicus (Yano, 1988 and spawning seven days after the previous spawn. Most females spawned between eight and 16 days after the previous spawn (n = 9). The second spawn under captivity was always infertile, but it was common that females just collected from the field also spawned infertile eggs that dissolve within a few hours, leaving only the ovigerous sac membrane that is later discarded. On one occasion, an ovigerous female discarded her ovigerous sac with the molt. This process is very unusual, probably because it is disadvantageous effects embryos that died several hours later (laboratory conditions).
(2) Using our data from Bahía Magdalena (March, July, December 2004), the inverse of the proportion of mature females (Stage IV) and ovigerous females, in groups of 30-200 randomly selected euphausiids for incubation, we calculated the frequency distribution of the IBP. This method estimated an unrealistically short IBP ( o4 days), indicating a non-homogeneous temporal and geographical distribution of ovigerous females at sea. Six days is a likely hypothetical IBP if females are exposed at temperatures 416 1C, shortening the embryonic development and quickening the rate of gonad development. This method showed a relatively high frequency of the IBP between 6 and 8 days, however there were stations with an estimated IBP as long as 26 days (Fig. 1) . Using the IBP data set of 6 to 26 days, the average IBP was 10 days. 
Histology of female gonad development and observation of female gonad oosorption (atresia)
This is probably the first study of the gonad of a sac-spawner using histological techniques. Therefore, we describe each gonadal stage and compare gonadal development of better known broadcast-spawners. We propose a six-stage classification of gonadal development in N. simplex females, named for a specific characteristic process (Multiplication, Previtellogenesis, Vitellogenesis, Maturity, Spawning, and Oosorption) along with eight oocyte substages (Oc0 through Oc7) ( Table 2) .
Stage of multiplication
The oogonia multiply by mitosis throughout the mature life span of the female. The oogonia grouped in the germinal zones are usually located at the periphery of the gonad (Oc0). Average TD of this cell was 25.51 mm (Table 2 ). Oc0 cells are extremely basophilic, which make them relatively easy to detect by the chromatin inside the nucleus. Oogonia were detected in the undeveloped stage ( Fig. 2A) .
Stage of previtellogenesis
Previtellogenesis includes two oocyte substages: early nucleolus chromatin (Oc1), and late nucleolus chromatin (Oc2). Development of oocytes just after Oc0 had an average TD of 42.66 mm (Fig. 2B , Table 2 ). The nucleus occupies almost all of the ooplasm space with a high nucleus/ooplasm ratio (N/O= 2.49). Oc1 oocytes were commonly located in the periphery of the ovary near the germinal zones. Oc1 cells had elliptical shape with acutely extreme sides that show strongly basophilic ooplasm; chromatins and several nucleoli appeared dispersed in the nucleoplasm. Oc1 was recorded in all stages after early nucleolus chromatin.
Late nucleolus chromatin (Oc2) oocytes had a mean TD of 85.96 mm (Fig. 2 C, Table 2 ). Oc2 oocytes were significantly larger than Oc1 cells and the N/O ratio decreased to 0.69-0.77. Oc2 oocytes were located throughout the ovary, but usually close to Oc1 clusters. Numerous follicular cells were strongly basophilic and frequently observed surrounding Oc2 oocytes. The shape of the oocytes was irregular and the ooplasm was slightly basophilic. The nucleus was large, round; several flat and very small nucleoli were in the periphery of the nuclear membrane (Fig. 2C ).
Stage of vitellogenesis
Vitellogenesis is characterized by rapid growth of the oocytes. At the oil globule substage (Oc3), oocytes had a mean TD of 125.85 mm and the N/O ratio was 0.50, increasing the ooplasm area in relation to the nucleus (Fig. 2D, Table 2 ). Oc3 oocytes had a polygonal shape and numerous acidophilic oil globules dispersed within the ooplasm precursor of the yolk. The cells of the follicle layer are now smaller and less abundant (Fig. 2D ). This cell type was included in the vitellogenesis stage, but considered as an oil globule rather than a lipid droplet because the morphological structure of the oil globule in N. simplex is very small and presumably a precursor of yolk rather than lipids. At the pre-yolk substage (Oc4), the mean TD of oocytes was 162.83 mm and the mean N/O ratio was 0.34 (Fig. 2E, Table 2 ). In the basophilic ooplasm, there are several strongly acidophilic droplets of different sizes. The cells of the follicle layer were very thin (Fig. 2E ).
Stage of maturity
At the yolk granule stage (Oc5), the average TD of oocytes was 232.09 mm with an average N/O ratio of 0.17 (Fig. 2F , Table 2 ).
Yolk granules reached their maximum size and the oocytes were completely full of acidophilic yolk granules (Fig. 2F ).
Stage of spawning
Germinal vesicle breakdown (Oc6) occurs; average TD of the oocytes was 217.66 mm (Fig. 2G , Table 2 ). At this stage, it was not possible to measure the N/O ratio because the cells restart meiosis and germinal vesicle breakdown. Yolk granules, immersed in the oocytes, were less dense than at Oc5 (Fig. 2G) . Follicular cells disappear from around the oocytes, which indicates that the oocytes were released (Fig. 2G) .
Stage of oosorption
Atretic oocytes are re-absorbed (Oc7); average TD was 220.04 mm and the N/O ratio was highly variable, ranging between 0.05 and 0.16 (Fig. 2, H , Table 2 ). The Oc7 cells are no longer able to have a reproductive function because absorption of the ooplasm membranes leads to fusing with neighboring cells. Oc7 oocytes were completely irregular in shape, independent of the oocytes stage (Oc1-Oc5). Oc7 oocytes progressively decreased in size until complete oosorption by phagocytosis (Fig. 2H) .
Observations of gonad development are based on nine females. The sequence of pictures shown here were from a female reared for 15 consecutive days (Figs. 3A-O) after Oc6. It demonstrated that, at the start of the mature stage (pink gonad) females can reabsorb (oosorption process) their gonad in as few as 4 days (Figs. 3A-D) . Cell walls started to dissolve at the beginning of the oosorption process; histological sections showed two or three cells fused with two nucleuses throughout the gonad (Fig. 3B) . At late oosorption, several cells were fused, several areas with a nucleus and others apparently without a nucleus (Fig. 3D) . The resting phase was highly variable, which is characterized as an apparently empty space in the cephalothorax. However, histological evidence shows that gonads always have germinal cells during the gonad-resting period. This process usually took three to seven days, but could be longer (Fig. 3E-K) . The length of the resting phase may depend on the quality and quantity of food, stress, temperature. Gonad development from early oocytes to previtellogenesis and vitellogenesis was also fast, occurring in at most four days (Fig. 3L-O) .
3.3. Relative proportion of oocytes types (Oc1-Oc7) in the stages of gonadal development According to Wallace and Selman (1981) , N. simplex has groupsynchronous ovaries, since at each stage of gonad development, three or four oocyte substages are present (Fig. 4A) . Oc1 oocytes are observed throughout gonadal development, indicating continuous production of germinal cells for continuous reproduction throughout adult life span. During previtellogenesis, Oc1 cells were considerably more abundant than Oc2; during vitellogenesis, Oc3 and Oc4 appeared, but the Oc3 cells were more than twice as frequent as all other oocyte substages. At the mature stage, Oc5 cells appeared and remained in the gonad until the spawning stage, when Oc6 appeared with breakdown of the germinal vesicle. During the oosorption process, all cell types diminished until only Oc1 cells remained (Fig. 4A) . The gametogenic cycle of sacspawners included six stages where the female returns from the spawning stage to exogenous secondary vitellogenesis periodically, maturating perhaps 3 or 4 partial spawning events per ovarian cycle. It is common for ovigerous females to have two types of oocytes during previtellogenesis (Fig. 4B-C) and three types of oocytes simultaneously (Oc1, Oc2, Oc3, or Oc4) during vitellogenesis (Figs. 4D-E) . It is unlikely that these four spawning events occur between only in one intermolt period because we frequently observed females molting one day after they released their embryos and spawning again one or two days later. Gonads of ovigerous females with metanauplius embryos may be at the vitellogenesis stage. Histological evidence shows that Oc1-Oc3 oocytes are frequently present at this stage of embryonic development (Figs. 4D-E) .
Histology of male gonads during development
The male reproductive system includes a pair of testes located beneath and bordering the pericardium and heart, extending down to the first abdominal segment (posterior part of the gonad), a pair of vas deferens, a terminal ampoule, and the material presumed to be a spermatophore layer where the spermatozoa accumulate and can be transferred to the female during mating (Fig. 5A) . N. simplex spermatogenesis includes five cell types: spermatogonia (Spg, Fig. 5B ), primary spermatocytes (Spc1, Fig. 5C ), secondary spermatocytes (Spc2, Fig. 5D ), spermatids (Spm, Fig. 5E ), and spermatozoa (Spz, Fig. 5F ). Development in the testicular cords progresses from the anterior (clusters of young spermatogonia) to the posterior part of the testicle (clusters of old cells, spermatozoa), each with a distinct and homogeneous cell type. A germinal cells layer, similar in appearance to spermatogonia is typically localized on the periphery of the cord. All cell development types can be observed in a single longitudinal histological section, indicating that N. simplex spermatogenesis is continuous.
Cellular differentiation consists of spermatogonia, containing a large granular nucleus with sparse cytoplasm (Fig. 5B) , that transform into primary (Fig. 5C ) and secondary spermatocytes (Fig. 5D ). Synchrony in cellular division is typical (note the mitotic features in Fig. 5C, D) . Each secondary spermatocyte divides into four spermatid cells with acidophilic nuclei that are relatively homogeneous (Fig. 5E) . The spermatozoa have a triangular shape and are mostly basophilic, immersed into an acidophilic acellular spermatophore. The sperm are non-motile cells (non-flagellated) (Fig. 5F ). This brief description represents only the development of functional cells, not nurse cells, nutrition and accessory cells, or associated structures.
Lipid content during stages of gonadal development of females
Analysis of lipid content of females was restricted to immature females (gonad development Stages I to III) and mature females that are ready to spawn (pink gonad Stage IV), using the description of . Lipid content of N. simplex females had a linear relationship at all gonad development stages as a function of the euphausiid's total length, which explained $ 63% of its variability (Fig. 6A) . Although lipid content per stage did not show abrupt changes at female gonad stage III (Fig. 6B) , we observed that as females progress through the gonadic cycle, the largest increase between successive gonad stages occurred between Stage II and Stage III (Fig. 6B) . Lipid content of females at Stages III and IV was 1.2-2.2 times greater than lipid content of females at Stages I and II of similar length (Fig. 6A) . This is consistent with the occurrence of vitellogenesis at Stage III. Accordingly, only females at Stages I and II should be categorized as in the previtellogenesis (Table 2 ). Our results show that a female at previtellogenesis can increase its mean lipid content from 120 to 270 mg ind -1 during vitellogenesis.
Lipid content during gonad development of males
Analysis of lipid content of males was restricted to mature males with intruded spermatophores (MI) and mature males with extruded spermatophores (MII) that are ready to mate. Lipid content of MI and MII did not show a significant relationship with total length (P40.05) (Fig. 6D) , but MII had significantly more lipid (366 mg ind -1 ) than MI (191 mg ind -1 ), which was independent of total length (Fig. 6C) , an average increase of 175 mg ind -1 . 
Discussion
Interbrood period and egg production
Reproduction in tropical and subtropical broadcast-spawners has been far less studied than temperate, subpolar, and polar broadcast-spawners. This is also true for reproduction in sacspawners. In general, such studies have been largely done with preserved animals, therefore reproduction rates (interbrood period=IBP) have not been directly measured; but assumed or indirectly estimated (Barange and Stuart, 1991; Hosie and Ritz, 1983; Lavaniegos, 1995; Nemoto et al., 1972; Ritz and Hosie, 1982; Wilson et al., 2003) . Tropical euphausiids have relatively high vital rates modulated by relatively high temperatures. For example, we observed Euphausia distinguenda hatch in o18 h at 22 1C (Gó mez-Gutié rrez, unpubl. results), which is considerably shorter than temperate broadcast-spawners like E. pacifica and T. spinifera hatching time for N. simplex, as a nauplius, is relatively long (80-91 hours at 16 1C) and embryos leave the ovigerous sac as metanauplii between 92-140 h after spawning (Gó mez-Gutié rrez and Robinson, 2005), which is a considerably longer IBP, compared with temperate broadcast-spawners . We estimated the N. simplex IBP using three distinct but complementary approaches:
(1) Observation of successive spawning events of females during onboard incubation. This is the most precise method, but its major limitation was the short length of the oceanographic cruises (usually o20 sampling days), effect of the food provided, and the effect of containment in a bottle. Only a few females spawned twice during the short cruises. However, this method provided strong evidence that the shortest possible IBP for this species was 7 days at 16 1C (Gó mezGutié rrez and Robinson, 2005). (2) Proportion of gravid females (pink gonad) or ovigerous females within a population. Several of the IBPs estimated with this method were unrealistically short (1-5 days). It is impossible that a female could spawn again before the metanauplii leave the ovigerous sac. This suggests that ovigerous females were not homogeneously distributed horizontally or vertically (Figs. 2 and 4 in Gó mez-Gutié rrez et al., 2010). In fact, Gendron (1992) reported that N. simplex in the Gulf of California commonly form reproductive daily surface swarms with a considerably large proportion of ovigerous females of the population (55-78%), leading to a biologically impossible estimate of an IBP of 1.3-1.8 days using the inverse of these proportions, using the method described by . However, in our study, this approach was useful, producing an average IBP of 10 days (using IBP between 6-26 days, n =19 stations), with a maximum IBP of 26 days, which is still shorter than the hypothetical average IBP assumed for N. australis (Hosie and Ritz, 1983) and N. simplex (Lavaniegos, 1995) of 30 days, suggesting that egg production rates in these studies were considerably underestimated by IBP and by the magnitude of the brood size (Gó mez-Gutié rrez et al., 2010). (3) Estimate of the proportion of females in a population whose gonads progressively mature as the embryos develop in the ovigerous sac. We developed this approach using the median embryonic development time as a biological clock to estimate rates of gonadal development for successive stages. Although this approach cannot be used to estimate the average IBP, it was useful to estimate that $ 78% of ovigerous females with ,metanauplius embryos in their ovigerous sac are still in gonad developmental stage I or II. Therefore, it is likely that the IBP of a large proportion of the gravid population is considerably longer than 7 days (probably 9-15 days) and that only $ 22% of these females can spawn as soon as they release their metanauplius embryos (most likely $ 6-8 days; considered highly productive females). These IBPs are relatively long compared with broadcast-spawners at 4-5 days in Euphausia pacifica Pinchuk and Hopcroft, 2006) . Tarling and Cuzin-Roudy (2003) , using the proportion of gravid females in the population, proposed that the North Atlantic broadcast-spawning krill Meganyctiphanes norvegica have an IBP of 20-26 days (depending on temperature). concluded that M. norvegica has one reproductive cycle for every two molt cycles, suggesting than tropical sac-spawners, counter intuitively, may have, in some cases, a shorter IBP that broadcastspawners and previously assumed for Nyctiphanes species (Lavaniegos, 1995; Hosie and Ritz, 1983) . It is well know that spawning and molting processes usually do not occur at the same time because of the feedback function of gonad-stimulating hormone and ecdysteroid hormones. Precise synchronization of both processes is still in debate, particularly because several researchers had concluded that it is unlikely that spawning coincides with particular stages of the molt cycle, given the inconsistency in the spawning and molting relationship observed in long-term reared E. pacifica or from direct observations of the interval between egg-laying and ecdysis of 60 Euphausia superba females reared on a research vessel (Nicol, 1989) .
Considering an average brood size of 52 embryos female -1 , an average IBP of 10 days (range: 7-26 days) and assuming an adult life span of 6 months; the average number of spawning events per female would be 18 (range: 26-7, respectively), and the average total fecundity of a female would be $ 940 eggs female -1 life span -1 (360-1337 eggs female -1 life span -1 ) (Gó mez-Gutié rrez et al. , 2010) . This is the first time egg production rate is estimated using observed IBP for a sac-spawning species.
Gonad development
Ross and Quetin (2000) recently updated what is known about gonadal development and spawning strategies of euphausiids, mostly broadcast-spawners from temperate and polar latitudes. Nine species were intensely studied because they are targets of commercial fisheries. It is interesting that Ross and Quetin (2000) placed oogenesis in the early phase of gonad development (their Table 2 ). However, according to Yano (1988) , oogenesis refers to the general gonadal development process. Thus, this early stage is the formation of the early nucleolus chromatin. We propose a modified classification of gonadal development for N. simplex (combining criteria proposed for decapods and broadcastspawners) that can be used for euphausiids sac-spawners. Gó mez-Gutié rrez and Robinson (2005) erroneously proposed that N. simplex produce one batch of oocytes per gonadal cycle (total spawners) because they observed (with an stereoscope at 6.6 Â ) live, spawned ovigerous females or spent females with an 'empty' space in the cephalothorax, where the spent ovary is located. However, the histological evidence presented in our current study showed that N. simplex has, in fact, groupsynchronic ovaries because, when spawning leaves oocytes in previtellogenesis (Oc0-Oc3), they develop into three or four potential spawns. Other evidence of group-synchronic ovaries is that, independent of the gonadal development stage, there are always two or three different oocyte types at each phase. We concluded that N. simplex is a subtropical euphausiid with partial spawning reproduction behavior (group-synchronic ovaries). This is particularly interesting because N. simplex can mature in 5 days and, after molting, spawn in seven days after the earlier spawning event. The implication of this conclusion is that N. simplex has a larger reproductive potential than previously thought (Lavaniegos, 1995) . Hosie and Ritz (1983) with N. australis and Stuart and Nicol (1986) and Barange and Stuart (1991) with Nyctiphanes capensis, Gó mez-Gutié rrez (1995) with Nyctiphanes simplex, and Wilson et al. (2003) with Pseudeuphausia latifrons already have concluded that these sac-spawners have continuous maturation of the ovaries because more than one stage of ova in the ovaries examined (gonad-squashed slides). As the first formal histological study of gonads of sac-spawners, our findings indicate that, in terms of oocyte morphology, the oogenesis development of sac-spawners is very similar to broadcast-spawners. This supports findings of the highly conservative of the process of oogenesis in the family Euphausiacea (Kikuno and Kawamura, 1983; Cuzin-Roudy, 1987b , 1993 , 1997a Cuzin-Roudy and Amsler, 1991; Cuzin-Roudy and Buchholz, 1999) for Meganyctiphanes norvegica and Euphausia superba. We did not directly adopt classifications developed by Cuzin-Roudy (1993) and Cuzin-Roudy and Buchholz (1999) because Minagawa and Sano (1997) , using transmission electron microscopy in their gonad classification based on the work of Yano (1988) , developed a classification that seems to be more specific because it distinguished morphological differences between oil globule and yolk granules in decapods. Although we were not able to observe all of the substages of this gonad classification, using resinembedded gonads stained with black sudan, we observed that N. simplex oocytes Oc3 had small oil glubules in the ooplasm during early vitellogenesis (endogenous), which was not previously observed in other euphausiids (Cuzin-Roudy and Amsler, 1991; Cuzin-Roudy and Buchholz, 1999) . Thus, we propose that these are precursor yolk of the lipidic type (oil globule) autosynthetized by the cell via endogenous vitellogenesis and not yolk per se (lipid droplet from exogenous origin). However, this must be corroborated in further biochemical studies to detect vitellogenin. This does not contradict the stages described by that takes into account that the ovary at Stage III is already developed and extending into the abdomen ('eggs are tightly packed and no longer transparent'). This feature has been related to lipid yolk accumulation (i.e. vitellogenesis) in the stage classification later devised for E. superba samples from the field (Cuzin-Roudy and Amsler, 1991) . In terms of the number of spawns in a life span and length of reproductive season, species of both reproductive strategies have distinct gonad development: N. simplex (Lavaniegos, 1995; Gó mez-Gutié rrez, 1995) and N. australis (Hosie and Ritz, 1983) spawn throughout the year, while temperate and polar species spawn only at some seasons, but have longer life spans (Tarling and Cuzin-Roudy, 2003) .
Although regression and rematuration of polar krill have been associated with photoperiod, temperature, and food availability as a lifespan strategy for species surviving several years (Kawaguchi et al., 2007b) , oosorption of gonads in N. simplex females seem to be related with recent history of feeding and environmental conditions that are highly variable among individual females, since they were observed in virtually all oceanographic cruises during this study. N. simplex females with evidence of oosorption were more commonly observed in December 2004 in Bahía Magdalena and July 2007 in the Gulf of California, suggesting that the oosorption process, rather than spawning, may be highly sensitive to warmer conditions.
Our gonad histological information indicated that once a male N. simplex attains maturity, it continuously produces spermatozoa during its reproductive life to be always available for mature females. This is a particularly relevant adaptation since krill males apparently die younger than females (Kawaguchi et al., 2007a) . We do not know if the spermatogenesis rate is reduced or stopped during the molting process or how long it takes a male to form intruded and extruded spermatophores. In fact, in all krill, it is not known how males transfer the spermatophore to the females, supposedly helped or stimulated by the male's petasm (Brinton, 1978; Pillar and Stuart, 1988) . Another interesting discovery is that N. simplex has non-motile spermatozoa, aflagellated with triangle shape, indicating that fecundity strongly depends on male success to introduce the spermatophores correctly in the female thelycum. N. simplex have very conspicuous chromosomes during meiosis, a feature not commonly observed in other male crustaceans (Medina et al., 1998; Zavala-Herná ndez, 2007. 4.3. Lipid metabolism during reproduction Virtue et al. (1995) reported that Nyctiphanes australis has 5-10% lipid content (dry weight basis), but they did not study lipid changes during gonadal development. In this study, we found similar average lipid content for female N. simplex in previtellogenesis (772%) and in vitellogenesis (10 72%). Lipid content in N. simplex increases substantially from previtellogenesis (endogenous) to vitellogenesis (exogenous), but also significantly correlates with the size of the female. As females can mature in o7 days, it seems clear that size and maturation of the gonad are highly dependent on local food quality and concentration. Our results show that an immature female can increase its lipid content from 120 to 270 mg during the vitellogenesis process. If carbon content of lipids represents 77.63% of its weight (Gnaiger, 1983a, b) , a female would increase from 92 to 215 mg carbon. This means that increases in carbon content vary between 4.1% and 13.8% of dry weight (average 8.34%), that is, virtually the same average percentage that was calculated for females with the reproductive effort method (8.4%, range 0.9-27.9%) (Gó mez-Gutié rrez et al., 2010), which suggests a negligible carbon content change between the later oocytes substages and the fertilized eggs, in this case multiple cells.
Independent of total length, males with intruded spermatophores contains less relative lipid content (874%) than males with extruded spermatophores (1172%). These observations, along with histological observations of the spermatogenesis process, suggest that male spermatogenesis is a continuous process that is relatively expensive for males. The increase of carbon content of intruded and extruded spematophores accounts for 5.4% of their dry weight. This value might seem relatively high in comparison with females (averaged 8%). However, this is more complicated because females can develop from the previtellogenesis to vitellogenesis stage in as little as 1 day (direct observations), whereas the time between males spermatophores that are intruded and extruded is unknown. Virtue et al. (1996) detected a significant decrease in the lipid reserve in E. superba males after reproduction, an indicator of the relatively high energy cost involved in the fertilization process.
Conceptual comparison of sac-spawning and broadcastspawning reproductive strategies
Our multi-disciplinary study allowed us to use N. simplex as a species model to compare the reproductive strategies of sacspawners with the relatively better known reproductive strategy of broadcast-spawners. This comparison used available information about three broadcast-spawners (E. pacifica, T. spinifera, and T. inermis) in the northern California Current System and Gulf of Alaska Gó mez-Gutié rrez, 2002 , 2003a Pinchuk and Hopcroft, 2006) (Table 3) and complementary information about M. norvegica from the North Atlantic (Tarling and Cuzin-Roudy, 2003) and Euphausia superba from the Antarctic Ocean (Kawaguchi et al., 2007b) . As far as is known, broadcastspawners have blue (Euphausia pacifica, E. eximia, E. distinguenda), green-blue (Thysanoessa spinifera), or gray (E. superba) gonads when they are gravid, although some do not seem to have a colored gonad (Thysanoessa inspinata). Sac-spawners, like N. simplex (Gó mez-Gutié rrez and Robinson, 2005) and N. difficilis (Gó mez-Gutié rrez, 2003a,b), usually have a pale, pink-colored gonad when they become gravid, suggesting that different carotene pigments are associated with gonad maturation that may differ at the biochemical level. Although this suggests that reproductive strategies may be considerably distinct, our histological evidence shows that morphology and evolution of the female gonad is remarkably similar in both types of reproduction. These differences are more related to female behavior and reproductive rates, such as IBP, proportion of the gonad spawned, and egg production.
Temperate broadcast spawners can be characterized as having asynchronic ovaries (partial spawners) because they usually spawn at short IBPs (2-8 days, but as long as 79 days), with brood size and IBP highly variable within and among individuals (poorly correlated to female size; TL explains o14% of the variability of brood size) from one spawning to the next, according to highly specific individual metabolism (even when food quality and concentration are monitored under controlled incubations) Gó mez-Gutié rrez, 2003a; Gó mez-Gutié rrez et al., 2007; Pinchuk and Hopcroft, 2006) . However, M. norvegica seems to have highly synchronized spawning and molting process with production of an egg pulse (IBP) every 20 to 26 days (Tarling and Cuzin-Roudy, 2003) . A female can maintain a colored gonad in the mature stage for long periods of spawning; with relatively short, but variable IBP . The molting process seems not to be highly synchronized with spawning events in broadcast-spawners Nicol, 1989; Nicol et al., 1995) occasionally molting on the same day as spawning, but more frequently occurring after spawning. Tarling and Cuzin-Roudy (2003) found in field observations that M. norvegica spawned during late intermolt and early premolt, but never coinciding with the actual molt. We have frequently observed in E. pacifica and T. spinifera have several molts between spawns. However, intense egg-producing periods may affect intermolt period. Recently, Feinberg et al. (2007) tested whether females shrink as a response to the high energy demand for egg production. The average weight (%) that a female devotes to reproduction (reproductive effort) is usually 9%, but can be as high as 45% Gó mez-Gutié rrez et al., 2007) . Brood size is highly variable among females and, even in the same female's spawning life, E. pacifica spawn, on average, 150 eggs in one spawn, but could be as high as 800 eggs per event Gó mezGutié rrez, 2003a ). E. superba can produce brood sizes of $ 5000 eggs female -1 , but the brood size is highly variable among individuals (Nicol et al., 1995) . Hatching success of broadcastspawners range from nearly 0 to 100%, but this is highly variable among females and even in the same female in successive spawns, since sibling embryos may use distinct hatching mechanisms (Gó mez-Gutié rrez, 2002), and free-sinking eggs are heavily consumed by zooplankton, such as the polychaete (Tomopteris), ctenophores, amphipods (Phronimia), and zooplanktophagous filtering animals, and sometimes infected by parasitoid dinoflagellates (Gó mez-Gutié rrez, pers. observations). Broadcast spawning is a trade-off between large volumes of eggs and high mortality of embryos in the column water. Eggs of broadcastspawners have very high variability in perivitelline space, with just-spawned eggs having no visible perivitelline space. The space increases through embryonic development to sizes that are probably related to environmental conditions. The space is significantly larger in areas with stress conditions (Timofeev, Table 3 Comparison of reproductive ovary strategies in the broadcast spawning euphausiid Euphausia pacifica and in the sac-spawning euphausiid Nyctiphanes simplex, based on histological and incubation observations in this study. 2000; Timofeev and Sklyar, 2001; Timofeev et al., 2004) . Sibling embryos of broadcast-spawners usually have highly variable development and hatching time (Gó mez-Gutié rrez, 2002 , 2003a , as well as distinct rates of larval development (Table 3) . Reproduction in N. simplex, as a hypothetical model to represent sac-spawners, seems to have group-synchronic ovaries with partial spawning per ovary cycle. This species spawns at relatively longer average IBPs and brood sizes are better associated with female size compared with broadcast-spawners. Successive spawns tend to be proportional to the female weight (8%) because larger females can accommodate larger ovigerous sacs containing more embryos. This implies a relatively more discrete partitioning of energy of reproduction than broadcastspawners because a female cannot develop another batch of eggs until she releases her current brood at the metanauplius stage and because an ovigerous female have never been seen with a pink gonad (gravid) simultaneously. The molting process in sacspawners seems to be more synchronized with spawning events compared to broadcast-spawners, and this relatively longer time for reproductive effort probably does not affect female growth to the same degree as in broadcast-spawners, since no shrinking process was detected in females that spawned twice under laboratory conditions. However, body shrinkage occurred over longer periods. We observed one female that spawned and molted simultaneously, but this affected her swimming activity for several hours, a disadvantage that may explain why this is a very rare behavior in nature. Range of brood size in sac-spawners is relatively small and average weight of a female that is devoted to reproduction is 8.4%, with a maximum of 27.9% (lipid approach). This is, on average, similar to the average of 9%, but almost half of the maximum 45.1% recorded for some 'overachieving' broadcast spawning E. pacifica Gó mez-Gutié rrez et al., 2007) . Hatching success of sac-spawners is usually less variable than in broadcast-spawners (usually 440%) in N. difficilis (Gó mez-Gutié rrez, 2003b) and almost always 100% in N. simplex and has less variability in hatching mechanisms within a species (Gó mez-Gutié rrez and Robinson, 2005; Gó mez-Gutié rrez, 2006). Mortality of embryos depends on the ability of the mother to avoid predators; thus, survival of the brood goes from total loss or almost total recruitment of a female's progeny. Death during embryonic development (parasitism) usually involves all of a brood size rather than specific siblings, as occurs in broadcastspawners, but these are infrequently observed events. Sac-spawners make the trade-off between producing moderatesized broods and relatively low egg mortality. Eggs of sac-spawners usually have small (Nemoto et al., 1972; Gó mez-Gutié rrez et al., 2003b) or absent perivitelline space (Gó mez-Gutié rrez and Robinson, 2005) to maximize yolk volume and space in the ovigerous sac for incubating many embryos. Females with unusually large brood sizes ( 4116 embryos) in the metanauplius stage, usually a darker ovigerous sac, seems to have difficulty swimming and this may affect their ability to avoid predators. Like broadcast-spawners, sibling larvae of sac-spawners have very high variability in their rate of larval development (Lavaniegos, 1992; Gó mez-Gutié rrez, 2003b) , indicating distinctive individually fitness of embryos of the same females, which makes them highly flexible to variable environmental conditions from a population perspective (Table 3) .
Conclusions
N. simplex has group-synchronic ovaries with a partial spawning strategy because it has four distinct oocytes substages (only three simultaneously) at each stage of gonadal development, probably able to spawn 4 or 5 times per gonadal cycle. Females have the ability to reabsorb the gonad in o4 days when food conditions are unfavorable and/or when exposed to high temperatures. Each female have a very variable resting phase, but once oogenesis restarts, females can develop the gonad from earlier oogenesis to vitellogenesis in o3 days at 16 1C. We concluded that females invest comparatively larger proportion of their body weight (8.3%) to gonadal development, based on lipid content, and egg production, using the reproductive effort method (see Gó mez-Gutié rrez et al., 2010) than previously thought (Lavaniegos, 1995) . This is relatively close, contrary to expected, to other similar-sized temperate broadcast-spawners, on average $ 9% . It appear that larger total fecundity of broadcast-spawners, compared to sac-spawners is related to larger broods and shorter IBPs, rather than greater reproductive effort, defined as % of weight each female devotes each spawning event. Also, sac-spawners have considerably higher hatching success compared to broadcast-spawners and the mean IBP of $ 10 days is only about twice the time as broadcast-spawners with $ 4-5 days. Larval recruitment among sac-spawners is large enough, perhaps the same magnitude, as broadcast-spawners and this explains why, in some eutrophic ecosystems, sac-spawners outnumber broadcast-spawners. N. simplex males continuously invest energy, after first maturation, about 5.4% of their dry weight in the spermatogenesis process to produce spermatophores, which may represent a significantly greater energy cost to reproduction. This finding is contrary to the previous assumption that male spermatogenesis is insignificant in energy expenditure in euphausiids.
